Introduction
Bald cypress (Taxodium distichum (L.) Rich.), extending across the Coastal Plain from southeastern Texas to southern Delaware, has slowly regained its importance as a commercial species. The volume of cypress growing stock on commercial forest land is estimated to be 5.5 x lo9 ft3 (155.7 x lo6 m3) (Williston et al. 1980) . Recently, tree-volume and stemprofile functions were developed for second-growth bald cypress (Hotvedt et al. 1985; Parresol et al. 1987) . These functions used a fixed-height measurement point of 10 ft (3.0 m) above the ground for diameter as a superior choice over the variable-height measure called normal diameter, that is, diameter measured 1.5 ft (0.5 m) above pronounced butt swelling (Avery and Burkhart 1983) . Diameter at 10 ft (3.0 m) is easily measured with a pole caliper ( Fig. 1) such as described by Ferree (1946) . In many survey and timber cruising operations, tree height is not measured or is measured only on a small subsample of trees. Therefore, a heightdiameter equation would be a valuable addition to the prediction systems of Hotvedt et al. (1985) and Parresol et al. (1987) . Where trees are damaged, such as occurred from hurricane Hugo in the Carolinas, a height-diameter equation would aid in estimating losses.
Perhaps more important than the height predictions themselves are the variances of the predictions. Too often research reports, such as those in scientific journals, do not provide the necessary information for the building of prediction confidence intervals! Yet this information is important to forest managers, damage appraisers, etc., who have to consider the potential volume and value involved. Full details and examples are provided in the section on Application and reliability.
Data
The data are described in Hotvedt et al. (1985) . Briefly, the data consist of 157 sample trees from 26 locations (6 trees per location except one where a 7th tree was measured) across the south Delta region of Louisiana (Fig. 2) . Trees were felled, diameter at a fixed height of 10 ft (3.0 m), termed die, was measured to the nearest 0.1 in. (0.3 cm), and total height was measured to the nearest 0.1 ft (0.03 m). In addition, stand basal area (BA) around each sample tree was measured using a lo-factor prism. Surrounding trees were sighted through the prism at normal diameter for determination of BA. The range of BA was 30 to 300 ft*/acre FIG. 1. Forester measuring diameter at 10 ft (3.0 m) on a bald cypress tree using a pole caliper.
(6.89 to 68.88 m2/ha), with the median being 130 ft2/acre (29.85 m2/ha). The distribution of sample trees by dlo and height are listed in Table 1 .
Height-diameter equation
A scatterplot of height over dlo (Fig. 3) shows a monotone increasing curvilinear relationship typical of height-diameter data. Curtis (1967) , in his work with second-growth Douglasfir (Pseudotsuga menziesii (Mirb.) France) employed the following log-reciprocal model:
where H is total tree height in feet, d4,5 is tree diameter at 4.5 ft (1.4 m) measured in inches, In denotes the natural logarithm, pi's are model parameters, and E is residual error. This equation possesses an asymptote, an inflection point, and passes through the origin. Curtis suggested two modifications of the above model. The first was to add a power term to the independent variable for increased flexibility and the second was to constrain the model to pass through the natural origin (0, 4.5). For this study the natural origin is (0, lo), that is, diameter is measured at 10 ft. Researchers such as Larsen and Hann (1987) found that the residuals of log-transformed height-diameter equations are not normally distributed. They preferred weighted regression over use of the logarithmic transformation. The result of these modifications is the following model that is nonlinear in the parameters:
where C is the natural origin constraint and exp is base of the natural logarithm. Larsen and Hann (1987) and Wang and Hann (1988) used this model (with C = 4.5 ft) for a variety of coniferous and hardwood species in Oregon.
Statistics used to examine the appropriateness of the regression were (i) Bartlett's X 2 -test for homogeneity of variance,
(ii) the Kolmogorov D-statistic for normality, (iii) variation in H explained, referred to as fit index or FI (Schlaegel 198 l) , and (iv) root mean square error for H. For Bartlett's test, the residuals were separated into three groups based on values of the independent variable: dlo less than 11, dlo from 11 to 16, and dlo greater than 16. This breakdown provides variances calculated on approximately equal-length diameter classes. Since residuals have a mean of zero, care must be taken to use the correct critical values in determining significance of the Kolmogorov test for normality. The appropriate percentage points for the case of lt known and o2 estimated are given in Stephens (1974) . All tests of hypothesis were made using an a-level of 0.05. Upon fitting eq. 1 to the data with nonlinear least squares, the following function resulted':
[2] fi = 10 + exp(5.15907 -2.65144dit.4158g)
'For height in meters use ii= 3 + exp(3.970 97 -3.907 04 d 7o.415 8g), where d3 is diameter measured in centimetres at a height of 3.0 m above the ground. Fig. 3 .
Height -diameter -basal area equation
To improve height predictions and to adjust for differences between stands, foresters have used additional independent variables such as age (Curtis 1967) , site index, and basal area (Larsen and Hann 1987; Wang and Hann 1988) 
No site index work has been done with bald cypress because it is difficult to determine tree age. The species has a habit of forming false rings. Hence I used stand basal area around the tree as a second independent variable. Fitting eq. 3 to the data using nonlinear least squares, the following function resulted2: 
Application and reliability
Knowing the prediction interval is as important as being able to predict the height given dta or dia and BA. The construction of simple and joint confidence intervals about nonlinear regressions is analogous to that of linear regressions, using a matrix algebra approach. Two quantities are needed to construct the bounds on the predictions: (i) the standard errors of the predictions (se) and (ii) a t-or W-value, for simple or joint confidence intervals, respectively. The interval boundary points are obtained from where W = dpF( 1 -a; p, n -p) is the Working-Hotelling value for confidence bands, p is number of parameters (3 or 4), F represents the F-statistic, and 12 is number of observations (157). If the user is interested in assessing limits for a single point on eqs. 2 or 4 then a confidence interval about that point is appropriate. If, however, as is more often the case, the user is interested in assessing limits about multiple points on eqs. 2 or 4, then joint confidence intervals (variously known as a confidence band, confidence region, or simultaneous confidence limits) are appropriate (Draper and Smith 1981; Neter et al. 1985) .
Leverage and standard errors
To calculate standard errors we must first compute a value known as the leverage. Let Fn represent either eqs. 2 or 4. height response across dro for three levels of stand basal area.
The regression design matrix k (157 x p) is formed by differentiating Fn with respect to the p's, that is, X = aFn/@. For the ith observation, a scalar known as the leverage is computed as follows:
where Xi is the ith row vector of X. There are three types-of standard errors: (i) where s2 is the mean square error of the regression.
Vectors, matrices, and mean square errors
The vector Xi for eq. 2 has the form . 
1
The mean square error of eq. 2 is 65.650 77. With these three pieces of information bounds can be computed for the height predictions from eq. 2. The vector Xi for eq. 4 has the form
The (X'X)-' matrix from eq. 4 is ! -0 . 0 1 5 0 . 0 0 5 0 . 0 2 6 2 . 3 2 6 8 7 6 9 4 1 0 6 7 6 0 4 5 4 9 3 6 5 8 1 1 3 x 1O-7 -2 . 6 6 2 8 2 9 -0 . 0 1 5 -0 . 0 0 3 0 . 0 0 9 9 4 1 0 6 7 8 6 6 3 3 1 0 5 2 1 3 3 x 1O-7 -0 . 0 0 3 0 . 0 0 5 0 . 0 0 1 5 . 6 6 4 6 0 4 0 6 9 3 3 1 0 5 2 1 8 8 2 6 3 8 8 1 3 x 1O-8 -2 . 6 6 2 8 2 9 0 5 . 6 6 4 0 6 9 5 . 8 6 6 4 8 8 2 . 3 2 6 8 7 6 4 8 1 x x x x 1O-7 1O-8 10-l' 1O-7 I
The mean square error of eq. 4 is 55.041 33. With these three pieces of information bounds can be computed for the height predictions f;om eq. 4.
Calculations
The following examples serve to illustrate the use of eqs. 2 and 4 and the method of constructing confidence intervals. Consider a tree with a diameter measured at 10 ft above the ground of 15.4 in. Using eq. 2 the height is estimated as 
Summary
Predicting height directly from diameter is useful in many situations. Resource professionals should bear in mind that regression functions like eqs. 2 and 4 provide point estimates that have a variance. When evaluating a large group of trees with the same dlo or dlo,and surrounding BA, constructing a confidence interval on Hi will provide a range of values that should contain the true mean of that group. When svaluating one tree, constructing a confidence interval on Hi(,,,) will provide a range of values that should contain the true height of the individual. When evaluating a few trees with the same dta or dte and surrounding BA, constructing a confidence interval on Eric,,,) will provide a range of values that should contain the true mean of this small group. If, however, as is more often the case, one is interested in evaluating a number of observations across a range of d10 or dtu and surrounding BA values, then joint confidence intervals are necessary.
